ABSTRACT: Gas hydrate dissociation in marine sediments will cause increase of excess pore pressure, loss of soil particle cementation and breakdown of soil structure, which may result in large deformations of the strata and offshore structure foundations. Based on the permafrost and ocean environmental conditions, a high pressure and low temperature apparatus has been self-designed and a series of triaxial tests have been carried out to study the influence of gas hydrate dissociation on mechanical properties of gas hydrate-bearing sediment. The effects of dissociation time, confining pressure and dissociation temperature on the mechanical characteristics of the sediment containing gas hydrates are investigated. Moreover, the mechanical parameters of cohesion and internal friction angle are quantitatively analyzed during hydrate dissociation. This study is important for understanding of the evolution of sediment mechanical properties during hydrate dissociation, for controlling hydrate reservoir stability and project risk.
INTRODUCTION
Gas hydrate is sensitive to environmental changes, such that dissociation of hydrate may occur. It is suggested that gas hydrate dissociation in marine sediment may cause an increase in excess pore pressure, loss of soil particle cementation, and breakdown of soil structure, which may result in geohazards and risks, such as submarine landslides (Field 1990 , Kayen & Lee 1991 , Paull et al. 1996 , Rothwell et al. 1998 , Mienert et al. 2005 , sediment slumping (Vogt et al. 1994 , Dillon et al. 2001 , pockmarks and mud volcanoes (Vogt et al. 1994 , Van Rensbergen et al. 2002 , Zuhlsdorff & Spiess 2004 , soft-sediment deformation (Kennett & Fackler-Adams 2000) and giant hummocks (Davies et al. 1999) . In addition, the release of methane from dissociating gas hydrate into the atmosphere may increase greenhouse effect (MacDonald 1990 , Nisbet 1990 , Dickens et al. 1995 , Kennett et al. 2003 . Therefore, a quantitative study on the mechanical properties of gas hydrate-bearing sediment related to hydrate dissociation is essential. Grozic & Kvalstad (2001) proposed a gas hydrate triaxial testing program. Dissociation of the hydrates was achieved by warming of the specimen under undrained conditions. Test data indicated that hydrate dissociation resulted in an increase in pore pressure corresponding to approximately 10% reduction in the effective consolidation stress. Mikami et al. (2006) investigated the dissociation of natural gas hydrate using X-ray CT. By continuously monitoring the discharged gas flows and sample temperatures, it was concluded that gas hydrate dissociated simultaneously both on the exposed surfaces and within the pore spaces of the sample in response to pressure changes. Zhou et al. (2007) carried out experiments on methane hydrate dissociation by depressurization of quartz sand samples. It was shown that electrical resistance was an excellent indicator for the formation and dissociation of methane hydrate. It was found that electrical resistance increased with hydrate formation and decreased sharply with hydrate dissociation. In comparison to heated water injection, the dissociation rate by depressurization was very low and become lower as the dissociation continued. Hyodo et al. (2009) performed methane hydrate dissociation tests by increasing the temperature of the specimen and observed increased shear and volumetric strains in the specimen. They concluded that during the hydrate dissociation, the volumetric strain had a dilative tendency irrespective of the effective confining pressure when no shear stresses applied. When shear stresses were applied, shear deformation increased with the observed changes varying according to whether the critical void ratio was reached or not, while the degree of hydrate saturation influenced the amount of volume change. Zhang et al. (2011) examined the mechanical behaviors of tetrahydrofuran (THF) hydrate sediments of fine sand and Mongolia sand as the skeleton. It was shown that all specimens showed plastic failure during dissociation of hydrate leading to the reduction in strength of the sediments. The loss of strength, leading to liquefaction of the sediment, after dissociation, occurred quicker when compared to saturated sand.
As summarized above, understanding the behavior of the mechanical characteristics of gas hydratebearing sediment during dissociation is somewhat lacking. Further studies are required to understand behaviors, such as the measurement and quantitative study of mechanical parameters, the investigation of different influence parameters, the effects of different dissociation conditions, and so on.
In this paper a series of triaxial tests has been carried out to study the mechanical properties and dissociation characteristics of kaolin clays containing methane hydrates, similar to the conditions of permafrost and ocean environmental conditions. The effects of dissociation time, confining pressure and dissociation temperature on the strength and dissociation property of gas hydrate-bearing sediment are investigated. The stress-strain behavior, such as shear strength, cohesion and internal friction angle are quantitatively analyzed during hydrate dissociation process. The present work is important for understanding changes in the mechanical properties of the sediment during hydrate dissociation to ensure hydrate reservoir stability and reduce project risk.
EXPERIMENTAL APPARATUS AND TEST CONDITIONS
A high pressure and low temperature triaxial test system has been self-designed both by CNOOC Research Institute and Dalian University of Technology, as shown in Figure 1 . The triaxial test system allows axial loading, confining pressure, temperature control through a computer control system. A confining pressure up to 30 MPa can be applied through a high pressure pump. The temperature of the pressure chamber can be adjusted from −30 • C to 25
• C by a controllable constant temperature bath and heat exchangers. The axial loading frame can apply a maximum permissible load of 600 kN. Two different kinds of hydrate dissociation methods which are depressurization and thermal stimulation methods can be carried out in this experimental system.
The hydrate is artificially manufactured using methane and ice powder mixed in a reactor, and then the hydrate-ice mixture is mixed with the host material of kaolin clay before the hydrate-bearing sediment specimen is formed in a special reactor by "compression method". The parameters of the specimen are listed in Table 1 . Specimen preparation were carried out in a cold storage room (about −15
• C). Depressurization and thermal stimulation are used to induce hydrate dissociation. Three parameters relevant to the behavior of hydrate dissociation are investigated, including: (1) effects of dissociation time; (2) effects of confining pressure; and (3) effects of dissociation temperature. According to permafrost and Figure 1 . Triaxial test system. 1-load cell, 2-specimen, 3-computer control system, 4-thermocouple, 5-constant temperature bath, 6-high-pressure pump, 7-pressure gauge, 8-oil tank, 9-heat exchanger, 10-air pressure line. ocean environmental conditions, in the consolidated undrained (CU) triaxial test, the sample is consolidated under different confining pressures in response to different hydrate burial depths; the experimental temperature is varied from −5 • C to 5
• C in accordance with the frozen soil and seabed temperatures. The consolidation time is set as 2 hours and the shearing rate of 1%/min is adopted for all tests. Test cases are listed in Table 2 . It is noted that the dissociation time equal to 0 hour means the hydrate is at the stable state.
RESULTS AND DISCUSSIONS

Effects of dissociation time
In the cases listed in the top part of Table 2 , the temperature is −5 • C, and the sample is under an atmospheric pressure (nearly 100 kPa) which is obviously lower than the equilibrium pressure, thus the hydrate dissociation continues. Under the depressurization condition, the effects of dissociation time on the shear behavior of hydrate-bearing specimens are investigated. Figure  2 shows the deviator stress (denoted as σ 1 − σ 3 ) and axial strain (denoted as ε) behavior under the same confining pressure and temperature subjected to the dissociation time equals to 0 h, 6 h, 24 h and 48 h, respectively. It is indicated that the deviator stress increases gradually with increasing axial strain and finally reaches a constant value with a reasonably asymptotic behavior. The gas generated from hydrate dissociation will result in the increasing excess pore pressure, and in undrained condition, once the excess pore pressure is higher than the confining pressure due to a large amount of hydrate dissociation, the sample will reach failure. The specimen shows a strain hardening behavior up to the end of the testing when the axial strain is more than 15%. Because there is no obvious peak deviator stress in the stress-strain curves, the maximum deviator stress corresponds to 15% axial strain.
It is concluded that at the same confining pressure and temperature, the longer dissociation time will result in increased amount of dissociated hydrate corresponding to marked decrease of shear strength. Hydrate dissociation may destroy the sediment structure and soil particle cementation resulting in sample fracture. Due to the gas generated from hydrate dissociation, the increase in excess pore pressure will result in the reductions of both effective stress and shear strength of hydrate-bearing sediment. Although the axial strain of 15% is exceeded in most tests, high residual strengths are observed because the water from hydrate dissociation may freeze under −5 • C. The detailed measurement results of the present cases are listed in Table 3 . Compared with the stable state of hydrate, the analysis demonstrates that the relative reductions of the maximum deviator stresses are 12.1%-14.4% for 6 h, 27.3%-34.6% for 24 h and 34.6%-43.7% for 48 h, respectively. It implies that the shear strength reduces near to 50% when the hydrate dissociation time is close to 48 h. After experiments, the specimen is recorded as shown in Figure 3 . Highlighting a large amount of methane has been released from the dissociating hydrates, and the gas pressure is more than the atmospheric pressure.
Effects of confining pressure
The effects of confining pressure on the shear behavior of hydrate-bearing specimens are examined under the same dissociation time and temperature ( Table 2) . As reported in Table 3 , at confining pressures between 2 MPa and 0.5 MPa, the relative reductions in the maximum deviator stresses can be calculated as 26.8%, 27.9%, 33.9% and 36.5% for the dissociation time equals to 0 h, 6 h, 24 h and 48 h, respectively. It is demonstrated that at shallower hydrate burial depth, namely a lower confining pressure, measured shear strength is significantly influenced by hydrate dissociation. Figure 4 depicts the Mohr's circles and envelopes of hydrate-bearing sediment at different dissociation times, with the calculated internal friction angle and cohesion of the specimens. It can be seen that cohesion decreases from 0.977 MPa to 0.537 MPa, a reduction is near to 45% with the increasing dissociation time, but the internal friction angle is little changed and fluctuates within 1
• C. 
Effects of dissociation temperature
The thermal stimulation method is adopted to induce dissociation by adjusting the temperature of the pressure chamber, through the constant temperature bath and heat exchangers. The test parameters for these tests are listed in the bottom part of Table 2 . Figure 5 considers the effects of dissociation temperature on shear behavior of hydrate-bearing specimens. As shown in Figure 5 (c), for Case 6 under the confining pressure (1 MPa) and dissociation time (24 h), the hydrate dissociation resulted in a nearly complete loss of strength (deviator stress near to 0 MPa). Thus, the stress-strain curve of 5
• C is not shown in Figure 5 (c). From Figure 5 (a)-5(c), it is concluded that in Cases 4-6, the maximum deviator stress decreases as the temperature increases. For the temperature of below 0
• C (−5 • C and 0 • C), it is mainly because different types of particle bonding between the sediment and hydrate are generated under different temperatures; for the temperature of above 0
• C (0 • C and 5 • C), the strength reduction is probably because the hydrate dissociation and ice melting. It can be seen in Table 4 , that the maximum deviator stress reduces significantly from 24.2% to 94.1% with increasing temperatures. Compared to the depressurization method, the dissociation rate of thermal stimulation is higher with larger amounts of dissociating hydrate as well as more apparent strength degradation. The specimen for Case 6 is presented in Figure 6 , showing the expansion of the rubber membrane and the specimen reduced near to an ooze mud.
CONCLUSIONS
A series of experiments were performed by a triaxial test system in order to study the influence of gas hydrate dissociation on the mechanical properties of gas hydrate-bearing sediment. Based on the results, the following conclusions can be drawn.
(1) Under the same confining pressure and temperature, longer dissociation times result in larger amounts of hydrate dissociation, with a corresponding reduction in shear strength: shear strength reduces are near to 50% for the 48 h hydrate dissociation time. (2) At the same dissociation time and temperature, the shallower hydrate burial depth, namely the lower confining pressure, may be more significantly influenced by hydrate dissociation. It can be seen that cohesion decreases from 0.977 MPa to 0.537 MPa with the reduction near to 45%, but the internal friction angle is little changed and fluctuates within 1 • C. (3) Temperature has an effect on the strength of hydrate-bearing sediment. Different types of particle bonding between the sediment and hydrate are generated under different temperatures; if the temperature is above 0 • C, the strength reduction is probably because the hydrate dissociation and ice melting.
